Abstract: A new method for quantitative analysis of mobilities for local recrystallization boundary segments in pure aluminum is presented. The analysis is based on microstructures characterized using electron microscopy and on quantification of migration velocities and driving forces for local boundary segments. The results show that even for the same recrystallization boundary different boundary segments migrate differently, and the differences can be understood based on quantitative information of mobilities and local deformed microstructures. The present work has important implications for understanding of recrystallization boundary migration, and suggests an experimental way forward for how to determine boundary mobilities during recrystallization. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
The migration of recrystallization boundaries is typically expressed by the equation:
where v is the migration velocity, M is the boundary mobility and F is the driving force for migration, which for recrystallization is the energy stored in the deformed matrix [1] . Recent new results show, however, that locally the migration of recrystallization boundary segments is very heterogeneous both in time and space:
the recrystallization boundary is rough consisting of local protrusions/retrusions and migrates in a stop-go fashion [2] [3] [4] [5] . Quantitative analysis of local boundary migration has shown therefore that the boundary mobilities for local boundary segments have to be known in order to understand this heterogeneous process [4, 5] .
Some results have been published on boundary mobility during recrystallization [6] [7] [8] [9] . However, these results are averaged over groups of grains, as the driving force used in these studies is that for the whole sample. It is now well recognized that the deformed microstructure various from grain to grain [10, 11] , and that variations typically also exist within individual grains. The local driving force is therefore expected to vary both on the grain scale and the subgrain scale. These variatios have not yet been taken into account for analysis of boundary migration during recrystallization.
The aim of the present study is to address this issue by proposing a method to derive local mobilities of boundary segments at different places along a recrystallizing boundary and thus to understand the local boundary migration behavior. This method is based on quantitative analysis of the local deformation microstructures that provides the driving force for the local boundary migration, and of local migration velocities. The results confirm that it is absolutely necessary to study the local migration behavior, as even nearby boundary segments on the same boundary behave differently when migrating into the neighboring deformed matrix.
High purity aluminum (99.996%) with a large initial grain size of several millimeters was cold rolled to 50% reduction in thickness, followed by annealing at 250 °C for 10 min to create a partially-recrystallized microstructure. The sample was electropolished for scanning electron microscope (SEM) analysis to allow For quantitative analysis of local boundary migration, the deformed microstructure in front of the migrating boundary is divided into five regions, as marked by the white 25-μm-wide boxes in Fig. 1d . The selection of the boxes is based on the textural (i.e. color in the EBSD map) and microstructural differences: boxes I, III and IV are from the yellow and yellow/green regions where microstructures are relatively homogeneous, while boxes II and V are from orange/red regions where microstructures are more heterogeneous. The orientation variations within the five regions are listed in Table 1 . 
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For quantification of local boundary mobilities using Eq. 1, the migration velocity, v, and driving force, F, of local boundary segments within each of the five boxes in Fig. 1d was quantified. Following previous studies [14, 15] , both the stored energy, F S , in the deformed microstructure and the driving force attributed to the boundary curvature, F σ , are quantified and included in total driving force F. For the calculation of the stored energy using the method described in [16, 17] , the EBSD map was filtered using a 3x3 Kuwahara filter to reduce the orientation noise [18] . After filtering, most of the dislocation boundaries in the deformed microstructure can be seen (see Fig. S2 ). Using this filtered EBSD map, all dislocation boundaries with misorientations ≥1° were taken into account in the calculation of F S . The contribution to the stored energy from the loose dislocation density within the subgrains is not considered, as this is typically very small compared to that from dislocation boundaries [19] . The variations of v and F for each local segment were also estimated as described in section B in the supplementary materials.
The results are shown in For quantification of the mobilities, a linear fitting to Eq. 1 has been performed for the data in each region.
The fitting is forced to go through the origin. As shown in Fig. 2 , after taking the variations of measured v and F into consideration, Eq. 1 fits well the v-F data for the boundary segments in boxes III and IV, and less well for boundary segments in box I, but does not fit very well for those in boxes II and V. for the boundary segments within box III and IV, respectively. The difference between the average apparent mobilities for these two boxes is relatively small, < 12%, which is in agreement with the fact that the boundary segments within these two boxes have very similar misorientations to the deformed matrix that they consume (see Fig. 3c and d) .
Although a less good fitting is seen for the boundary segments in box I, the apparent mobilities for the boundary segments during individual annealing steps are not so different from the average apparent mobility of the boundary segments during the whole annealing period. The gradual decrease in apparent mobility ( i.e. a ~6 times difference in magnitude. The mobility differences between the non-migrating and migrating segments within these boxes are of course even bigger than this.
The large mobility variations for the segments in boxes II and V may be related to the large variation in misorientation to the deformed matrix (see Fig. 3b and e). It is, however, difficult to establish a one-to-one correlation between the mobility and misorientation for these regions. This difficulty is illustrated in Fig. 4a 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 and 4b, where the boundary traces have been overlaid on top of the EBSD maps, which are recolored according to the misorientation angles and axes, respectively. The color for each pixel of the map represents the misorientation (angle/axis) at the recrystallization boundary when the recrystallized grain reaches that pixel. Within the heterogeneous regions (boxes II and V), both the misorientation angles and axes vary significantly from location to location, both horizontally and vertically.
Nevertheless, some qualitative information can be obtained from Fig. 4 for those segments that halt during annealing. From the misorientation axis map (Fig. 4b) , it is evident that most of the pinning points (e.g. A-D in Fig. 4b ) coincide with <110> rotation axes (green in Fig. 4b ), while the misorientation angles are quite scattered (Fig. 4a) . The local stored energies at these points are relatively high (Fig. 4c) . It is therefore very likely that the boundary segments with misorientation axes close to <110> have comparatively lower apparent mobilities than those with other rotation axes. This result agrees well with those obtained based on grain growth of bicrystals [20] . This is interesting as the driving force for grain growth is different from that of recrystallization.
The present study shows evidently that local boundary migration heterogeneities are directly related to the local heterogeneities in the deformation microstructure and boundary mobility. Local quantitative analysis is essential for understanding the boundary migration behavior, and the results show that using this approach at 250 °C. The experimental approach presented here suggests a way to determine many more mobilities for different recrystallization boundaries, which can be the basis for evaluating mobilities obtained by simulation, e.g. molecular dynamics [21, 22] , and moreover can be used as an input for modelling of microstructural development during recrystallization .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 stored energy at each pixel is calculated from a subset of 11 × 11 pixels centered at the selected pixel using the method described in [6] .
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